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FOREWORD 

This  paper  was presented  a s  a n  i n v i t e d  review paper  
a t  t h e  Survey Symposium on Rad ia t ion  a t  t h e  X I V  General  
Assembly of t h e  I n t e r n a t i o n a l  Union of Geodesy and 
Geophysics ,  September 25 - October 7,  1967. 
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RADIATIVE TRANSFER AND THE THERMAL STRUCTURE 
I OF PLANETARY ATMOSPHERES , By George Ohring 

ABSTRACT 

The mean surface temperature and mean vertical distribution of 
temperature of a planetary atmosphere are, to a large extent, determined 

I by radiative processes. Given the basic physical characteristics of the 
planetary atmosphere, such as composition, surface pressure, and albedo, I 
it is possible, through the application of radiative transfer theory, to 
compute the temperature structure of the planetary atmosphere. For the 

mean vertical temperature profile from the surface up to the thermosphere. 
An additional problem, related to climatic change, is the effect of changes 
in the basic physical characteristics, such as composition or cloudiness, 
on surface and atmospheric temperatures. Applications of radiative trans- 
fer theory to the atmospheres of the other planets have been aimed at 
deriving estimates of surface and atmospheric temperatures on Mars and 
estimates of the greenhouse effect on Venus. The theoretical models and 
results of recent studies of these topics are reviewed in the present 
survey paper. 

l 
I Earth's atmosphere the problem has been to determine theoretically the 
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RADIATIVE TRANSFER AND THE THERMAL STRUCTURE 

OF PLANETARY ATMOSPHERES 

By George Ohring 

1. INTRODUCTION 

To a l a r g e  e x t e n t ,  t h e  mean s u r f a c e  t empera tu re  and v e r t i c a l  d i s t r i b u -  
t i o n  of  t empera tu re  i n  a p l a n e t a r y  atmosphere a r e  c o n t r o l l e d  by r a d i a t i v e  
processes .  Convect ion  and condensa t ion-evapora t ion  p rocesses  may modify 
t h e  thermal  s t r u c t u r e  t h a t  would r e s u l t  from r a d i a t i o n  a lone .  I n  t h i s  
rev iew paper ,  we s h a l l  be concerned mainly with t h e  problem of  t h e o r e t i -  
c a l l y  e s t i m a t i n g  t h e  mean thermal  s t r u c t u r e  of  p l a n e t a r y  atmospheres .  The 
t h e o r e t i c a l  models t h a t  have been developed t o  s o l v e  t h i s  problem depend 
p r i m a r i l y  on r a d i a t i v e  t r a n s f e r  c o n s i d e r a t i o n s ,  b u t  many of them a l s o  
i n c l u d e  t h e  e f f e c t ,  i f  no t  t h e  d e t a i l e d  mechanisms, of  convec t ion  and 
co nd e ns a t i o  n- eva po r a t i  on. 

We s h a l l  d i s c u s s  problems a s s o c i a t e d  w i t h  the p l a n e t s  E a r t h ,  Mars, and 
Venus. F o r  t h e  Ea r th ,  the b a s i c  problem i s  t o  d e r i v e  from f i r s t  p r i n c i p l e s  
t h e  observed  mean t empera tu re  p r o f i l e  from t h e  s u r f a c e  up t o  t h e  thermo- 
sphere  and t o  p r e d i c t  t h e  e f f e c t s  of changes i n  a tmospher ic  composi t ion  on 
t h e  the rma l  s t r u c t u r e .  Fo r  t h e  p l a n e t s  Mars and Venus, t h e  b a s i c  problem 
i s  t o  p r e d i c t  t h e  mean s u r f a c e  tempera ture  and v e r t i c a l  t empera tu re  p r o f i l e  
on t h e  b a s i s  of  a v a i l a b l e  in fo rma t ion  on a tmospher ic  p h y s i c a l  p r o p e r t i e s  
such  a s  composi t ion ,  s u r f a c e  p r e s s u r e ,  and albedo.  By means of  a s e l e c t i v e  
review,  w e  s h a l l  summarize t h e  r e s u l t s  of r e c e n t  r e s e a r c h  on t h e s e  problems. 

A s  background f o r  a d i s c u s s i o n  o f  the mean thermal  s t a t e  o f  each  of  
t h e  p l a n e t s  and comparisons between the p l a n e t s ,  it i s  i n s t r u c t i v e  t o  rev iew 
t h e  r a d i a t i v e  e q u i l i b r i u m  t empera tu res  t h a t  t h e s e  p l a n e t s  would have i n  the 
absence  o f  an  atmosphere.  The r a d i a t i v e  e q u i l i b r i u m  tempera ture  of  a p l a n e t  
i s  computed from a n  e q u a t i o n  r e p r e s e n t i n g  a ba l ance  between t h e  p l a n e t ' s  
blackbody emiss ion  and t h e  n e t  incoming s o l a r  r a d i a t i o n ,  which depends upon 
the s o l a r  c o n s t a n t ,  the p l a n e t ' s  d i s t a n c e  from the sun  and i t s  albedo.  

where U i s  t h e  Stefan-Boltzmann c o n s t a n t ,  Te i s  t h e  p l a n e t ' s  r a d i a t i v e  equi-  
l i b r i u m  o r  mean tempera ture  i n  t h e  absence of a n  atmosphere,  which we s h a l l  
c a l l  t h e  e f f e c t i v e  t empera tu re  of  t h e  ne t  incoming s o l a r  r a d i a t i o n ,  S.C. i s  
t h e  s o l a r  c o n s t a n t ,  R i s  the p l a n e t ' s  d i s t a n c e  from t h e  sun i n  a s t r o n o m i c a l  
u n i t s ,  and A i s  the p l a n e t ' s  a lbedo.  

1 



Figure  1 shows t h e  e f f e c t i v e  tempera ture  of Mars, Venus, and E a r t h  f o r  

i a range of p o s s i b l e  a lbedos  f o r  t h e s e  p l a n e t s .  
Venus, though c l o s e r  t o  t h e  Sun t h a n  E a r t h  would have a mean tempera ture  s i m -  
i l a r  t o  E a r t h ' s  because of i t s  g r e a t e r  albedo. Mars, b e i n g  f u r t h e r  from t h e  
Sun than Ear th  and wi th  an  a lbedo  o n l y  s l i g h t l y  less  t h a n  E a r t h ' s ,  would have 
a lower tempera ture  t h a n  Ear th .  

I n  t h e  absence  of a tmospheres ,  

I 
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Figure 1. Radiative equilibrium temperatures of Earth, Mars, and Venus. 
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2 .  EARTH I 

I n  connec t ion  w i t h  t h e  E a r t h ' s  atmosphere,  one of  t h e  b a s i c  problems i s  
t o  d e r i v e  t h e o r e t i c a l l y  from f i r s t  p r i n c i p l e s  t h e  observed mean v e r t i c a l  
t empera tu re  d i s t r i b u t i o n  from t h e  su r face  t o  t h e  upper  atmosphere.  That  i s ,  
g iven  the  p l a n e t ' s  p h y s i c a l  c h a r a c t e r i s t i c s ,  t h e  composi t ion  of  i t s  atmosphere,  
e t c . ,  c an  one d e r i v e  t h e  mean v e r t i c a l  t empera ture  p r o f i l e .  Although t h e  prob- 
lem has  n o t  been comple te ly  so lved ,  s i g n i f i c a n t  advances have been made o v e r  
t he  p a s t  few yea r s .  

I 

I n  a s e r i e s  of papers  (Manabe and Mb'ller, 1961; Mb'ller and Manabe, 1961; 

and t h e i r  c o l l e a g u e s  have a p p l i e d  r a d i a t i v e  t r a n s f e r  t heo ry  t o  t h e  problem of 
de te rmining  t h e  thermal  s t a t e  of t h e  Earth and i t s  atmosphere.  I n  t h e i r  most 
r e c e n t  papers ,  t hey  have used a thermal  e q u i l i b r i u m  model f o r  t h e  c a l c u l a t i o n s .  
The requi rements  f o r  thermal  equ i l ib r ium a r e :  

(1)  A t  t h e  Top of t h e  Atmosphere - A ba lance  between n e t  incoming s o l a r  
r a d i a t i o n  and outgoing  long-wave r a d i a t i o n .  

( 2 )  Within t h e  Atmosphere - For  those  l a y e r s  i n  which r a d i a t i v e  energy 
exchange l eads  t o  a r a d i a t i v e  equ i l ib r ium tempera ture  l a p s e  r a t e  t h a t  i s  l e s s  
than  a p r e s c r i b e d  c r i t i c a l  convec t ive  lapse r a t e ,  l o c a l  r a d i a t i v e  e q u i l i b r i u m  
i s  assumed. For  t h o s e  l a y e r s  i n  which r a d i a t i v e  energy exchange would l e a d  
t o  a tempera ture  l a p s e  r a t e  g r e a t e r  than  t h e  p r e s c r i b e d  c r i t i c a l  convec t ive  
l a p s e  r a t e ,  a ba lance  between t h e  r a d i a t i v e  energy  l o s s  and t h e  amount of 
convec t ive  energy r e q u i r e d  t o  m a i n t a i n  the c r i t i c a l  convec t ive  l a p s e  r a t e  i s  
assumed. 

( 3 )  

' \ Manabe and S t r i c k l e r ,  1964; and Manabe and Wetherald,  1967) ,  Manabe and Mb'ller 

A t  t h e  Sur face  - A ba lance  between t h e  n e t  r a d i a t i v e  energy g a i n  
and t h e  convec t ive  energy l o s s .  The convec t ive  energy  l o s s  i s  e q u a l  t o  t h e  
amount of h e a t  t h a t  must be t r a n s f e r r e d  t o  t h e  atmosphere t o  p reven t  t h e  
fo rma t ion  of a supe r -convec t ive  l a p s e  r a t e .  Thus, t h e  thermal  e q u i l i b r i u m  
model i n c l u d e s  t h e  e f f e c t  of convec t ive  p r o c e s s e s ,  which i s  t o  e l i m i n a t e  
u n s t a b l e  l a y e r s ,  w i t h o u t  d e a l i n g  wi th  the a c t u a l  dynamics of convec t ion .  

I 

i 
Given a v e r t i c a l  d i s t r i b u t i o n  of water vapor ,  carbon d iox ide ,  ozone, 

and c l o u d i n e s s  - t h a t  is, t h e  atmospheric  a b s o r b e r s  of r a d i a t i o n  - t h e  
model can  be used t o  compute t h e  temperature  of t h e  E a r t h ' s  s u r f a c e  and t h e  
v e r t i c a l  t empera ture  p r o f i l e .  The d e t a i l s  of t h e  t r a n s m i s s i o n  models f o r  
the  v a r i o u s  a b s o r p t i o n  bands,  t h e  t ransmiss ion ,  r e f l e c t i o n ,  and a b s o r p t i o n  
p r o p e r t i e s  of  t h e  c louds ,  and t h e  su r face  a lbedo  model a r e  p re sen ted  i n  t h e  
o r i g i n a l  pape r s .  

F i g u r e  2 shows a comparison of t h e  v e r t i c a l  t empera tu re  p r o f i l e s  com- 
puted f o r  t h r e e  c a s e s :  pure  r a d i a t i v e  equ i l ib r ium;  thermal  e q u i l i b r i u m  w i t h  
a c r i t i c a l  convec t ive  l a p s e  r a t e  equal t o  t h e  a d i a b a t i c  l a p s e  r a t e ;  and thermal  
e q u i l i b r i u m  w i t h  a c r i t i c a l  convec t ive  l apse  r a t e  e q u a l  t o  t h e  observed mean 
t r o p o s p h e r i c  l a p s e  r a t e  of 6.5"C/km, which i s  c l o s e  t o  t h e  average  mois t  a d i -  
a b a t i c  l a p s e  r a t e  i n  t h e  t roposphere .  A l l  t h r e e  a r e  f o r  average  c o n d i t i o n s  
of i n s o l a t i o n  and a b s o r b e r  d i s t r i b u t i o n  and f o r  c l e a r  s k i e s .  The pure  r a d i a t i v e  

l 
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I 
1 e q u i l i b r i u m  c a l c u l a t i o n  l e a d s  t o  a s u r f a c e  tempera ture  of  3 3 2 ° K  and a super-  

a d i a b a t i c  t r o p o s p h e r i c  l a y e r .  The e f f e c t  of c o n v e c t i o n  i s  t o  lower t h e  s u r f a c e  
tempera ture  and r a i s e  t h e  t r o p o s p h e r i c  tempera tures .  With a p r e s c r i b e d  con- 
v e c t i v e  l a p s e  r a t e  of 6.5"C/km, t h e  computed s u r f a c e  tempera ture  i s  3 0 0 " K ,  
which i s  c l o s e r  t o  the observed mean of 2 8 8 ° K  t h a n  i n  t h e  pure r a d i a t i v e  
$ q u i l i b r i u m  c a s e ,  b u t  s t i l l  somewhat too h i g h .  

I 

The n e s t  s t e p  i s  t o  i n c l u d e  t h e  e f f e c t s  of c l o u d s .  F i g u r e  3 shows a 
comparison of t h e  thermal  e q u i l i b r i u m  tempera ture  p r o f i l e s  computed w i t h  and 

The computed s u r f a c e  tempera ture  f o r  the c a s e  of average  c l o u d i n e s s  i s  287'K,  
i n  e s c e l l e n t  agreement w i t h  t h e  observed mean s u r f a c e  tempera ture .  The com- 
puted v e r t i c a l  t empera ture  p r o f i l e  i s  a l s o  i n  good agreement w i t h  t h e  observed 
mean tempera ture  p r o f i l e  a s  r e p r e s e n t e d  by the U.S. Standard  Atmosphere. That 
a c a l c u l a t i o n  such a s  t h i s  c a n  reproduce t h e  observed mean tempera ture  p r o f i l e  
w i t h  good f i d e l i t y  i s  indeed encouraging. 

I w i t h o u t  average  c l o u d i n e s s  and t h e  U.S. S tandard  Atmosphere tempera ture  p r o f i l e .  

I 
I 

A problem of importance t o  s t u d i e s  of c l i m a t e  change and c o n t r o l  i s  t h e  
e f f e c t  o f  v a r i a t i o n s  i n  a tmospheric  composition on t h e  mean s u r f a c e  tempera- 
t u r e  of t h e  E a r t h .  One of  t h e  q u e s t i o n s  t h a t  a r i s e s  i s  t h e  e f f ec t  o f  changes 
i n  t h e  average  amount of c l o u d i n e s s .  Q u a l i t a t i v e l y ,  t h e  e f f e c t  i s  two-fold.  
On t h e  one hand a n  i n c r e a s e  i n  t h e  amount of c l o u d i n e s s  would r e s u l t  i n  a n  
i n c r e a s e d  a lbedo  and, hence,  tend to  lower t h e  s u r f a c e  tempera ture .  On t h e  
o t h e r  hand,  a n  i n c r e a s e  i n  t h e  amount of c l o u d i n e s s  would r e s u l t  i n  an in-  
c r e a s e d  greenhouse e f f e c t ,  which would tend  t o  r a i s e  t h e  s u r f a c e  tempera ture .  
Ohring and Mariano (1964a) u s e d  a s imple t h e o r e t i c a l  model t o  e s t i m a t e  t h i s  
e f f e c t .  It i s  assumed t h a t  

~ 

(1) The atmosphere i s  g r e y  i n  the i n f r a r e d  ( t h a t  i s ,  t h e  a b s o r p t i o n  

( 2 )  Clouds behave a s  b lackbodies  i n  t h e  i n f r a r e d .  

(3) The E a r t h ' s  atmosphere c o n s i s t s  of  two l a y e r s :  a t roposphere ,  i n  
~ which t h e  tempera ture  d e c r e a s e s  l i n e a r l y  w i t h  h e i g h t  a t  a g i v e n  r a t e ,  and a 

c o e f f i c i e n t  i s  independent  of  wavelength).  

s t r a t o s p h e r e  i n  which t h e  tempera ture  i s  c o n s t a n t  w i t h  h e i g h t .  

Two r a d i a t i v e  e q u i l i b r i u m  c o n d i t i o n s  a r e  assumed t o  p r e v a i l :  1) There 

I 
, a t i o n  a t  t h e  t o p  of t h e  atmosphere,  and 2) t h e  s t r a t o s p h e r e  i s  i n  g r o s s  

i s  a b a l a n c e  between ne t  incoming s o l a r  r a d i a t i o n  and outgoing  i n f r a r e d  r a d i -  

r a d i a t i v e  e q u i l i b r i u m  - t h a t  is ,  the n e t  f l u x  of i n f r a r e d  r a d i a t i o n  a t  t h e  
t ropopause  i s  e q u a l  t o  the outgoing  f l u x  of i n f r a r e d  r a d i a t i o n  a t  t h e  t o p  of 
t h e  atmosphere.  

The i n p u t  parameters  a r e  t h e  incoming s o l a r  r a d i a t i o n ,  t h e  amount o f  
c l o u d s ,  t h e  i n f r a r e d  o p a c i t y  of t h e  c l e a r  atmosphere,  t h e  t r o p o s p h e r i c  l a p s e  
r a t e ,  and t h e  r a t i o  of  c l o u d - t o p  p r e s s u r e  t o  s u r f a c e  p r e s s u r e .  The i n f r a r e d  
o p a c i t y  of  the c l e a r  atmosphere i s  taken  t o  be 1.6,  which cor responds  t o  a n  
i n f r a r e d  f l u x  t r a n s m i s s i v i t y  of 10 percent .  The t r o p o s p h e r i c  l a p s e  r a t e  i s  
assumed t o  be 6"Cjkm. The c l o u d - t o p s  are assumed t o  b e  l o c a t e d  a t  one level  
i n  t h e  atmosphere,  which i s  t a k e n  to  be 500 mb. Computations were performed 
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f o r  t1irt.c d i f f e r e n t  amounts of  t o t a l  c loud iness :  t h e  ave rage  amount, 50 per-  
c e n t ;  no c l o u d i n e s s  a t  a l l ,  0 p e r c e n t ;  and a l a r g e  amount of  c l o u d i n e s s ,  90 
p e r c e n t .  The p l a n e t a r y  a lbedos  f o r  t h e  d i f f e r e n t  amounts of c l o u d i n e s s  a r e  
based upon computa t ions  by London (1957). The computed s u r f a c e  t empera tu res  
a r e  shown i n  Table  1. 
e r a t u r e  t o  t h e  e f f e c t i v e  tempera ture  of t h e  n e t  incoming s o l a r  r a d i a t i o n .  
Th i s  r a t i o  i s  a measure of  t h e  greenhouse e f f e c t .  The r e s u l t s  i n d i c a t e  t h a t  
even w i t h  q u i t e  d rama t i c  changes i n  t h e  amount of  c l o u d i n e s s ,  t h e  E a r t h ' s  
average  s u r f a c e  t empera tu re  would change by l e s s  t h a n  1 0 ° K .  The l a s t  column 
of t h e  t a b l e ,  ( T ~ / T ~ ) ,  i s  t h e  computed r a t i o  of  t ropopause  p r e s s u r e  t o  s u r f a c e  
p r e s s u r e  f o r  t h e  mo e l .  For  t h e  c a s e  of 50 p e r c e n t  c l o u d i n e s s ,  good agreement 
i s  o b t a i n e d  w i t h  t h e  observed  r a t i o ,  

The r a t i o  Ts/Te is  t h e  r a t i o  of  computed s u r f a c e  t e m p -  

TABLE 1. CHANGES I N  THE AMOUNT OF CLOUDINESS AND THE AVERAGE SURFACE 
TEMPERATURE OF THE EARTH. (AFTER OHRING AND MARIANO, 1964) 

AbfOUUNT OF 
CLOUDINESS ( c / o )  TJT e 

0 1.13 270  30 5 0.263 

50 1.19 252 299 0 .181  

90 1.23 236 290 0.131 

I I 

D e t a i l e d  c a l c u l a t i o n s  of  t h e  e f f e c t  o f  c l o u d i n e s s  on s u r f a c e  t empera tu re  
have been made w i t h  t h e  more a c c u r a t e  thermal  e q u i l i b r i u m  model (Manabe and 
Wethera ld ,  1967) .  F i g u r e  4 i l l u s t r a t e s  t h e  e f f e c t  o f  changing  t h e  amount of 
one type  o f  c loud  w h i l e  h o l d i n g  t h e  amount o f  o t h e r  c loud  types  c o n s t a n t  a t  
t h e i r  ave rage  v a l u e s .  Low r e f e r s  t o  low c l o u d s ,  AS t o  middle  c l o u d s ,  and C I  
t o  c i r r u s  type h i g h  c l o u d s .  FB s t a n d s  f o r  f u l l  b l a c k ,  i n d i c a t i n g  t h a t  the 
c loud  was rlssumed t o  behave a s  a blackbody i n  t h e  i n f r a r e d .  HB s t a n d s  f o r  
h a l f - b l a c k .  I n c r e a s e s  i n  t h e  amount of  low and middle  c l o u d s  l e a d  t o  lower 
s u r f a c e  t empera tu res ,  w h i l e  a n  i n c r e a s e  i n  t h e  amount of  c i r r u s ,  even when 
c i r r u s  i s  t aken  t o  be h a l f - b l a c k ,  l e a d s  t o  h i g h e r  s u r f a c e  tempera tures .  T h i s  
d i f f e r e n c e  i s  due main ly  t o  t h e  h i g h e r  a lbedos  of  t h e  low and middle  c louds .  

Another  q u e s t i o n  of c o n s i d e r a b l e  i n t e r e s t  i s  t h e  e f f e c t  o f  changes i n  t h e  
L2tmospheric ca rbon  d i o x i d e  c o n t e n t  on the E a r t h ' s  s u r f a c e  tempera ture .  Q u a l i t a -  
t i v e l y ,  a n  i n c r e a s e  i n  C 0 2  c o n t e n t  would i n c r e a s e  t h e  greenhouse  e f f e c t  
hence ,  l e a d  t o  a n  i n c r e a s e  i n  s u r f a c e  tempera ture .  D i scuss ions  and c a l c u l a t i o n s  
o f  t h i s  e f f e c t  have been p resen ted  by P la s s  (1956) ,  Kondra t iev  and N i i l i s k  (1960) ,  
Kaplan (1960) , and Mgller (1963). 

and ,  

However, t h e s e  c a l c u l a t i o n s  were based  upon 

9 



OIGAISO- 130A 

c 
Y e 

w 
3 

U w 

a 

fi 

E 
8 

n 

k 

a 
LL 
U 
3 tn 

Figure 4.  

320 

300 

280 

260 

240 

2 20 

/ 

0 20 40 60 80 100 
CLOUDINESS (O/o) 

Earth's surface temperature as a function of cloudiness. 
(After Manabe and Wetherald, 1967) 

10 



c o n s i d e r a t i o n s  of t he  r a d i a t i o n  ba lance  a t  t h e  E a r t h ' s  s u r f a c e  r a t h e r  t h a n  
t h a t  of  t h e  e n t i r e  sur face-a tmosphere  system, Recent c a l c u l a t i o n s  by Manabe 
and Wetherald (1967) wi th  t h e i r  thermal  e q u i l i b r i u m  model a r e  probably  more 
r e l i a b l e .  Table  2 shows t h e  e f f e c t  on the  s u r f a c e  t empera tu re  of  e i t h e r  doub- 
l i n g  o r  h a l v i n g  t h e  p r e s e n t  a tmospher ic  carbon d iox ide  con ten t .  The magnitude 
of  t h e  change i n  s u r f a c e  tempera ture  depends upon whether  one assumes t h a t  t h e  
a b s o l u t e  humidi ty  remains c o n s t a n t  o r  the r e l a t i v e  humidi ty  remains c o n s t a n t  
a s  t h e  C 0 2  amount i s  changed. The g r e a t e r  change i n  s u r f a c e  tempera ture  f o r  
t h e  f i x e d  r e l a t i v e  humidi ty  (-2OC ve r sus  -1°C) i s  due t o  t h e  i n c r e a s e  i n  w a t e r  
vapor  abundance a s s o c i a t e d  w i t h  t h e  inc reased  tempera ture ,  which f u r t h e r  enhances 
t h e  greenhouse e f f e c t .  Observa t ions  i n d i c a t e  t h a t  i n  t h e  p r e s e n t  c e n t u r y  t h e  
a tmospher ic  C02 c o n t e n t  h a s  i n c r e a s e d  by 10 t o  15 p e r c e n t  due t o  t h e  burn ing  of 
f o s s i l  f u e l s .  B'ised on t h e  above r e s u l t s ,  t h e  E a r t h ' s  average  s u r f a c e  tempera- 
t u r e  may hL1\7e i nc reased  by 0 .1  t o  0.2"C i n  t h e  same pe r iod .  

TABLE 3. EFFECT OF CHANGES I N  THE ATMOSPHERIC C02 CONTENT ON THE EARTH'S 
AVERAGE SURFACE TEMPERATURE. (AFTER PUNABE A N D  WETHEMLD, 1967) 

FIXED ABSOLUTE HUMIDITY FIXED RELATIVE HUMIDITY 

C loud i n e  s s C l e a r  C loud i n e s  s C l e a r  
Average Average CH.ANGE OF 

C 0 2  CONTENT (ppm) 

300 -+ 150 

300 -+ 600 

- 1.25"C 

+l. 33OC 

- 1. 3OoC 

+l. 36°C 

-2.28"C 

+2.36"C 

- 2. 80°C 

+2.92"C 

I n  t h e i r  l a t e s t  paper ,  Manabe and Wetherald (1967) a l s o  d i s c u s s  t h e  e f f e c t s  
of  changes i n  ozone and w a t e r  vapor  c o n t e n t  on s u r f a c e  and a tmospher ic  tempera- 
t u r e s .  The i n t e r e s t e d  r e a d e r  i s  r e f e r r e d  t o  t h e i r  o r i g i n a l  paper  f o r  the d e t a i l s  
and r e s u l t s  o f  these c a l c u l a t i o n s .  

Of c o n s i d e r a b l e  i n t e r e s t  t o  m e t e o r o l o g i s t s  i s  t h e  r a d i a t i v e  e q u i l i b r i u m  
t empera tu re  p r o f i l e  of t h e  mesosphere - the r e g i o n  from 20 km t o  80 km. Although 
there have been a number o f  prev ious  c a l c u l a t i o n s ,  none cons ide red  t h e  problem 
a s  the  s o l u t i o n  of  a j o i n t  r ad ia t ive -pho tochemica l  e q u i l i b r i u m  problem. That  i s ,  
t h e  r a d i a t i v e  e q u i l i b r i u m  tempera ture  depends upon t h e  ozone c o n c e n t r a t i o n ;  
wh i l e  t h e  photochemical  e q u i l i b r i u m  ozone c o n c e n t r a t i o n  depends upon t h e  temper- 
a t u r e .  Recen t ly  Leovy (1964) so lved  t h e  j o i n t  r a d i a t i v e -  photochemical  problem. 
The r a d i a t i v e  ba l ance  i s  assumed t o  be  between t h e  a b s o r p t i o n  of  s o l z r  r a d i a t i o n  
by m o l e c u l a r  oxygen and ozone and i n f r a r e d  emiss ion  by carbon d i o x i d e  and ozone. 
F i g u r e  5 shows a comparison between Leovy's computed mean r a d i a t i v e  e q u i l i b r i u m  
t empera tu re  p r o f i l e  and t h e  1962 U.S. Standard Atmosphere, which r e p r e s e n t s  t h e  
observed  mean tempera ture  p r o f i l e .  The computed t empera tu re  p r o f i l e  reproduces  
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q u i t e  w e l l  t he  major  f e a t u r e s  of  t h e  observed mean t empera tu re  p r o f i l e  - 
t h a t  i s ,  t h c  tempera ture  peak a t  abou t  50 km due t o  a b s o r p t i o n  o f  s o l a r  
r a d i c i t i o n  by ozone and t h e  t empera tu re  minimum a t  abou t  50 km. The d i f f e r -  
ences  betwccn t h e  two p r o f i l e s  may be a s c r i b e d  t o  p o s s i b l e  n o n - r a d i a t i v e  
energy  S O L I ~ C ~ S  rind s i n k s ,  s i m p l i f y i n g  assumptions i n  t h e  c a l c u l a t i o n s ,  and 
cvcn u n c e r t a i n t i e s  i n  t h e  observed  mean tempera ture  p r o f i l e  f o r  t h i s  r e g i o n  
o f  t h c  , i tmusphere.  F u r t h e r  r e s e a r c h  i s  r e q u i r e d  t o  e x p l a i n  t h e s e  d i f f e r -  
ences .  

I 

I 
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I 
I 3 .  MARS 

To o b t a i n  t h e o r e t i c a l  e s t i m a t e s  of tempera tures  on Mars one must know 
something about  t h e  p h y s i c a l  c h a r a c t e r i s t i c s  of t h e  Mar t ian  atmosphere.  Earth-  
based s p e c t r o s c o p i c  and photographic  o b s e r v a t i o n s  and t h e  Mariner  I V  f l y - b y  
o b s e r v a t i o n s  i n d i c a t e  t h a t  t h e  Mar t ian  atmosphere i s  predominant ly  composed 
of carbon d i o x i d e  and has  a s u r f a c e  p r e s s u r e  of t h e  o r d e r  of 1/100 of t h e  
E a r t h ' s  s u r f a c e  p r e s s u r e  (Table  3 ) .  There a r e  s t i l l  major  u n c e r t a i n t i e s  i n  
some of t h e s e  parameters .  For example, t h e  s u r f a c e  p r e s s u r e  may be between 
5 mb and 14 mb, and t h e  carbon d i o x i d e  amount may b e  between 50 and 100 per-  
c e n t .  The atmosphere i s  q u i t e  dry.  Clouds a p p a r e n t l y  o c c u r  r a r e l y  and may be 
composed of d u s t ,  i c e ,  o r  carbon d ioxide .  i 

I TABLE 3 .  PHYSICAL PARAMETERS FOR MARTIAN ATMOSPHERE 

I t 
7 mb 75% co* Occas iona l  - 4.5"Ikm 208°K I 0.3 

I Dust,H 0 , C 0 2 ?  2 25% NitrogenIArgon 

10 cm prec .  H20 - 3  

With such a t h i n  atmosphere and l i t t l e  w a t e r  vapor  and c l o u d i n e s s ,  one would 
expec t  a s m a l l  greenhouse e f f e c t  on  Mars. This  i s  borne o u t  by t h e  t h e o r e t i c a l  
c a l c u l a t i o n s  of Ohring e t  a l .  (1962) who made an  e a r l y  e s t i m a t e  of t h e  maximum 

a t  t h e  t o p  of t h e  atmosphere between n e t  incoming s o l a r  r a d i a t i o n  and outgoing  
i n f r a r e d  r a d i a t i o n .  To maximize t h e  greenhouse e f f e c t ,  e s t i m a t e d  maximum amounts 
of carbon d i o x i d e ,  w a t e r  vapor,  and ozone were assumed and a n  a tmospher ic  lapse-  
r a t e  e q u a l  t o  t h e  d r y - a d i a b a t i c  l a p s e  r a t e  was adopted.  The r e s u l t s  of  the 
c a l c u l a t i o n s  a r e  shown i n  Table  4. 
magnitude of t h e  greenhouse e f f e c t ;  Ts i s  t h e  s u r f a c e  tempera ture  and Te i s  the 

r e s u l t s  i n d i c a t e  t h a t  even i f  t h e  greenhouse e f f e c t  i s  maximized, Mars would 
have a s m a l l e r  greenhouse e f f e c t  t h a n  t h e  Ear th .  The r e s u l t s  of  t h e s e  c a l c u l a -  
t i o n s  a l s o  i n d i c a t c d t h a t  carbon d i o x i d e  was, by f a r ,  t h e  most i m p o r t a n t  c o n t r i -  
b u t o r  t o  t h e  M a r t i a n  greenhouse e f f e c t .  

I greenhouse e f f e c t  on  Mars. The e s t i m a t e  i s  based upon t h e  c o n d i t i o n  of  a b a l a n c e  

The r a t i o  Ts/Te can  be thought  of a s  the 

1 t e m p e r a t u r e  t h a t  Mars would have i n  the absence of a greenhouse e f fec t .  The 

I 

I A S  improved e s t i m a t e s  of s u r f a c e  p r e s s u r e  and a tmospher ic  composi t ion  

l 
became a v a i l a b l e ,  i t  was d e s i r a b l e  t o  e s t i m a t e  t h e  average  greenhouse e f f e c t  
and s u r f a c e  tempera ture  on Mars w i t h  more s o p h i s t i c a t e d  models. 
column of Table  4 shows t h e  r e s u l t s  of c a l c u l a t i o n s  w i t h  a thermal  e q u i l i b r i u m  
model s i m i l a r  t o  t h a t  used by Manabe and h i s  co-workers f o r  t h e  E a r t h ' s  atmosphere.  

The t h i r d  
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Th 
wi& t h e  observed average  s u r f a c e  t empera tu re  of  220'K t h a t  i s  i n d i c a t e d  by 
Earth-  bclsccl o b s e r v a t i o n s  of t he  p l a n e t  ' s  microwave emiss ion .  

c~7niput~d average  s u r f a c e  t empera tu re  i s  216"K, which compares q u i t e  w e l l  

TABLE 4 .  GREENHOUSE EFFECT ON MARS AND EARTH 

I MARS (Ca lcu la t ed )  EARTH (Observed) 

MAX IMJM 
GREENHOUSE 

EFFECT 

AVERAGE 
GREENHOUSE 

EFFECT 

AVERAGE 
GREENHOUSE 

EFFECT 

Observed -2 20 

T h e o r e t i c a l  c a l c u l a t i o n s  of t h e  mean v e r t i c a l  t empera tu re  p r o f i l e  on Mars 
have been performed by s e v e r a l  i n v e s t i g a t o r s  ( s e e ,  f o r  example, Goody, 1957; 
Arking,  1963;  Prabhakara and Hogan, 1965; Ohring e t  a l . ,  1967). F i g u r e  6 shows 
t h e  r e s u l t s  of a c a l c u l a t i o n  by Prabhakara and Hogan (1965).  I n  t h e i r  model, 
t h e  s u r f a c e  tempera ture  i s  assumed and t h e  v e r t i c a l  t empera tu re  p r o f i l e  i s  com- 
puted on t h e  b a s i s  of a r a d i a t i v e - c o n v e c t i v e  e q u i l i b r i u m  concep t ,  which i s  q u i t e  
s i m i l d r  t o  the  thermal  e q u i l i b r i u m  concept .  Absorp t ion  of  s o l a r  ene rgy  i s  by 
oxygen, ozone, and cdrbon d i o x i d e ,  and emiss ion  of  i n f r a r e d  r a d i a t i o n  by carbon 
d iox ide .  
even the  smal l  amount of oxygen assumed by Prabhakara and Hogan (70 cm-atm) 
should  probably be cons ide red  an  upper  l i m i t .  Fo r  t h e i r  t r a n s m i s s i o n  f u n c t i o n s  
f o r  carbon d iox ide ,  they  use  a " s t a t i s t i c a l "  model, t h e  t h e o r e t i c a l  band param- 
e t e r s  being bLiscd upon t h e  t r a n s m i t t a n c e  t a b l e s  of S t u l l ,  Wyatt, and P l a s s  (1963).  
The m'ijor f e a t u r e s  of  t h e  computed Mar t i an  t empera tu re  p r o f i l e ,  when compared t o  
t h e  tcmpcr.iture p r o f i l e  o f  t h e  E a r t h ' s  a tmosphere,  a r e  t h e  absence  of n warm 
mesosp1it.i-c and the  r c l a t i v c l y  low h e i g h t  (K 10 km) of  the  t ropopause .  The t c m -  
p e r a t u r e  peak 'it 50 Itm i n  t h e  E a r t h ' s  a tmosphere i s  due t o  t h e  a b s o r p t i o n  o f  
s o l a r  rLidi , i t ion by the  ozone l aye r .  Even w i t h  t h e  upper  l i m i t  v a l u e s  of ozone 
,idopted by Pr,ibhctlcara and Hogan t h e r e  i s  no i n d i c a t i o n  of  a t empera tu re  peak 
J bov e the >la r t i a n t r o  po s phe r e.  

Ozone and oxygen have not  be d e t e c t e d  i n  t h e  Mar t i an  atmosphere,  and 

Since t h e  Mar t ian  s u r f a c e  p r e s s u r e  and a tmospher ic  composi t ion  a r e  somewhat 
u n c e r t a i n ,  i t  i s  v a l u a b l e  t o  c a l c u l a t e  t h e  mean s u r f a c e  t empera tu re  and temper- 
a t u r e  p r o f i l e  f o r  a range of t h e s e  parameters  t h a t  cove r s  p r e s e n t  u n c e r t a i n t i e s .  

F igu re  7 shows t h e  r e s u l t s  of such c a l c u l a t i o n s  w i t h  a thermal  e q u i l i b r i u m  
model (Ohring and Mariano, 1967). The adopted p h y s i c a l  models a r e  shown i n  t h e  

1 6  
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Figure 6.  Calculation of v e r t i c a l  temperature p r o f i l e  for Mars. 
(After Prabhakara and Hogan, 1965) 
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graph .  Absorp t ion  o f  s o l a r  r a d i a t i o n  by t h e  n e a r  i n f r a r e d  bands of  w a t e r  vapor  
and ca rbon  d i o x i d e ,  and emiss ion  o f  i n f r a r e d  r a d i i i t i o n  by carbon d i o x i d e ' s  15p 
a b s o r p t i o n  band and wa te r  v a p o r ' s  r o t a t i o n a l  band a r e  cons ide red  i n  the c a l c u l a -  
t i o n s .  The amount of  w a t e r  vapor  i s  c m  p r e c i p i t a b l e  wa te r .  Fo r  t h e  15p 
band t r a n s m i t t a n c e  and t h e  r o t a t i o n a l  water  vapor  band t r a n s m i t t a n c e ,  the model 
of Rodgers and Walshaw (1966) i s  adopted.  Fo r  t h e  a b s o r p t i o n  of  n e a r - i n f r a r e d  
s o l a r  r a d i a t i o n ,  t h e  a b s o r p t i o n  models of Houghton (1963) a r e  adopted.  The most 
i n t e r e s t i n g  r e s u l t  of t h i s  comparison i s  t h e  r e l a t i v e  i n s e n s i t i v i t y  o f  the compu- 
t e d  s u r f a c e  and a tmospher ic  tempera tures  t o  changes i n  tk s u r f a c e  p r e s s u r e  and 
carbon d i o x i d e  c o n t e n t  t h a t  a r e  r e p r e s e n t a t i v e  of t h e  c u r r e n t  u n c e r t a i n t i e s  
a s s o c i a t e d  w i t h  t h e s e  q u a n t i t i e s .  The computed s u r f a c e  tempera tures  a r e  w i t h i n  
one degree  of each  o t h e r  and even a t  t h e  upper  l e v e l s  t h e  d i f f e r e n c e s  a r e  l e s s  
t h a n  5 ° C .  Th i s  sugges t s  t h a t  a l though  the  s u r f a c e  pressure and ca rbon  d i o x i d e  
c o n t e n t  a r e  s t i l l  somewhat u n c e r t a i n ,  we c a n  o b t a i n  f a i r l y  good e s t i m a t e s  o f  the 
a c t u a l  mean t empera tu re  p r o f i l e  on Mars. The b a s i c  r eason  f o r  t h e  i n s e n s i t i v i t y  
of  t h e  Mar t i an  s u r f a c e  t empera tu re  t o  changes i n  the ca rbon  d iox ide  c o n t e n t  and 
s u r f a c e  p r e s s u r e  i s  t h a t ,  f o r  t h e  carbon d i o x i d e  amounts and s u r f a c e  p r e s s u r e s  
c o n s i d e r e d ,  t h e  atmosphere i s  a l r e a d y  opaque i n  t h e  15p carbon d i o x i d e  band. 

The the rma l  e q u i l i b r i u m  model can  a l s o  be a p p l i e d  a t  d i f f e r e n t  l a t i t u d e s  
and seasons  t o  o b t a i n  a rough idea  of the c l i m a t o l o g y  of Mar t ian  s u r f a c e  and 
a tmosphe r i c  t empera tu res .  F i g u r e  8 shows a p o l e  t o  po le  tempera ture  c r o s s - s e c t i o n  
f o r  t h e  Nor the rn  Hemisphere w i n t e r  s o l s t i c e  on Mars t h a t  was computed by Ohring 
e t  a l .  (1967) w i t h  t h e  thermal  e q u i l i b r i u m  model. The dashed c u r v e  r e p r e s e n t s  
t h e  computed h e i g h t  of  t h e  t ropopause ,  which marks t h e  boundary between the  con- 
v e c t i v e  lower l a y e r  atmosphere and r a d i a t i v e  e q u i l i b r i u m  upper a tmosphere on Mars. 
The a c t u a l  tempera ture  c r o s s - s e c t i o n  f o r  Mars would d i f f e r  from t h i s  because  of 
t h e  e f f e c t s  o f  l a t i t u d i n a l  t r a n s p o r t  of  h e a t  from t h e  summer hemisphere t o  t h e  
w i n t e r  hemisphere and ,poss iS ly ,  C 0 2  condensa t ion  i n  the p o l a r  n i g h t  r eg ion .  
However, t h e  main f e a t u r e s  of t h e  pole  t o  po le  c r o s s - s e c t i o n  - l i t t l e  o r  no 
l a t i t u d i n a l  t empera tu re  g r a d i e n t  i n  t h e  summer hemisphere and a g r e a t e r  l a t i -  
t u d i n a l  t empera tu re  g r a d i e n t  i n  t h e  w i n t e r  hemisphere - would s t i l l  p r e v a i l ,  
a s  i n d i c a t e d  by the p r e l i m i n a r y  g e n e r a l  c i r c u l a t i o n  experiment  f o r  Mars t h a t  h a s  
been performed by Leovy and Mintz (1966). I n  comparison w i t h  the E a r t h ' s  atmos- 
phere ,  a major  d i f f e r e n c e  i s  t h e  i n d i c a t i o n  t h a t  t h e  maximum summer t empera tu re  
occur s  a t  p o l a r  l a t i t u d e s  r a t h e r  t han  a t  low l a t i t u d e s ,  a s  i n  t h e  c a s e  on Ea r th .  
Major r e a s o n s  f o r  t h i s  d i f f e r e n c e  a r e  the absence  o f  a permanent i ce  cap  on Mars 
and t h e  g r e a t e r  t r anspa rency  of  t h e  Mar t ian  atmosphere f o r  s o l a r  r a d i a t i o n .  

I n  a r e c e n t  paper ,  Goody and Bel ton (1967) have computed r a d i a t i v e  r e l a x a -  
t i o n  t imes f o r  Mars. R a d i a t i v e  r e l a x a t i o n  t i m e s  a r e  determined by t h e  r a t e  a t  
which r a d i a t i o n  can  d i s s i p a t e  a thermal  p e r t u r b a t i o n ,  which depends upon t h e  
f r a c t i o n  of  t h e  atmosphere t h a t  i s  composed of  r a d i a t i v e l y  a c t i v e  molecules .  On 
E a r t h  t h i s  f r a c t i o n  v a r i e s  from about  f o r  w a t e r  vapor  a t  t h e  s u r f a c e  i n  the 
t r o p i c s  t o  3x10'4 f o r  carbon d iox ide  i n  the s t r a t o s p h e r e .  On Mars, because  o f  
i t s  predominate ly  ca rbon  d i o x i d e  atmosphere,  t h i s  f r a c t i o n  i s  g r e a t e r  t h a n  0 .5 .  
Goody and Be l ton  f i n d  t h a t  r a d i a t i v e  r e l a x a t i o n  t i m e s  on Mars a r e  s h o r t e r  t han  
on E a r t h  by f a c t o r s  between 5 and 100 depending upon t h e  s c a l e  of  t h e  pe r tu rba -  
t i o n .  Thus, a tmosphe r i c  r a d i a t i v e  processes ,  which on Ea r th  a r e  impor t an t  o n l y  
f o r  t h e  longe r  t i m e  s c a l e s  (>lo days)  should be  impor t an t  on Mars even  f o r  s h o r t e r  
p e r i o d  phenomena. On t h e  b a s i s  of their  c a l c u l a t i o n s ,  t hey  conclude t h a t :  1) 
d i u r n a l  changes of t empera tu re  w i l l  p ropagate  t o  g r e a t e r  h e i g h t s  i n  the Mar t i an  
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atmosphere than i s  t h e  c a s e  on E a r t h ,  the p r o p a g a t i o n  mechanism be ing  main ly  
r a d i a t i v e  t r a n s f e r  r a t h e r  than  t u r b u l e n t  d i f f u s i o n ;  2) A n o n - n e g l i g i b l e  
d i u r n a l  wind system e x i s t s  on Mars; and 3 )  n o n - l i n e a r  i n t e r a c t i o n s  between 
t h e  motion f i e l d  and t h e  i n i t i a l  s t a t e  of  r a d i a t i v e  e q u i l i b r i u m  a r e  much 
s m a l l e r  on hlars t h a n  o n  E a r t h .  Thus, the i n f l u e n c e  of r a d i a t i v e  p r o c e s s e s  
on t h e  dynamics of t h e  Mar t ian  atmosphere a p p e a r s  t o  be much g r e a t e r  t h a n  i s  
t h e  c a s e  on E a r t h .  
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I 
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4.  VENUS 

The amount of i n fo rma t ion  a v a i l a b l e  on t h e  Venusian atmosphere i s  ex t r eme ly  
l i m i t e d .  Table  5 summarizes t h e  a v a i l a b l e  i n f o r m a t i o n  on a tmosphe r i c  parameters  
of importance t o  r a d i a t i v e  c a l c u l a t i o n s .  The e s t i m a t e  o f  t h e  s u r f a c e  p r e s s u r e  
i s  u n c e r t a i n  by perhaps a n  o r d e r  of magnitude. The a tmospher ic  composi t ion  i s  
unknown . ~ l t h o u g h  carbon d i o x i d e  appea r s  t o  be a major  c o n s t i t u e n t  and w a t e r  
vapor  a minor  c o n s t i t u e n t .  The r eason  f o r  t h e  l a c k  of  i n fo rma t ion  on t h e  Venusian 
atmosphere i s  t h e  presence  of a uniform and p e r p e t u a l  c loud  cover  i n  t h e  atmos- 
phere ,  which h i d e s  t h e  s u r f a c e  o f  t h e  p l ane t  th roughout  much of  t h e  e l e c t r o -  
magnet ic  spec t rum and makes i n t e r p r e t a t i o n  of s p e c t r o s c o p i c  o b s e r v a t i o n s  ex temely  
d i f f i c u l t .  T h i s  i s  e s p e c i a l l y  s o  s i n c e  t h e  composi t ion ,  h e i g h t ,  t h i c k n e s s ,  and 
o t h e r  c h a r a c t e r i s t i c s  of t h e  cloud l a y e r  a r e  s t i l l  u n c e r t a i n .  Based upon i t s  
d i s t a n c e  from t h e  s u n  and a n  a lbedo  of 0.73, t h e  t empera tu re  t h a t  Venus would 
have i n  t h e  absence  of a n  atmosphere i s  237'K. 

TABLE 5 .  PHYSICAL PARAMETERS FOR VENUSIAN ATMOSPHERE 

T 
e 

C OMPOS I T I ON CLOUDS ALBEDO SURFACE 
PRESSURE 

-0 .73  -10 atm. C 0 2  + o t h e r s  -100% c loud  cove r ;  -237'K 

Small  amount o f  Composi t ion,  h e i g h t ,  
H 0 above c louds  t h i c k n e s s ,  d e n s i t y ,  

unknown 2 

Assuming t h a t  t h e  c louds  of  Venus r a d i a t e  a s  a blackbody i n  t h e  i n f r a r e d ,  
Mintz (1861) c a l c u l a t e d  t h e  r a d i a t i v e  e q u i l i b r i u m  t empera tu re  d i s t r i b u t i o n  above 
t h e  c louds .  Carbon d i o x i d e ,  i s  an  amount e q u a l  t o  1000 m-atm above t h e  c l o u d s ,  
i s  assumed t o  be t h e  o n l y  impor tan t  r a d i a t i n g  g a s ,  and t h e  c a l c u l a t i o n s  a r e  
conducted w i t h  a s imple  model i n  which t h e  i n f r a r e d  spectrum i s  d iv ided  i n t o  
window r e g i o n s  and r e g i o n s  i n  which 100 m-atm of  ca rbon  d i o x i d e  abso rb  comple t e ly .  
An a lbedo  of 80 p e r c e n t  i s  used i n  t h e  c a l c u l a t i o n s .  

The r e s u l t i n g  r a d i a t i v e  equ i l ib r ium t empera tu re  p r o f i l e  above t h e  c louds  of 
Venus i s  shown i n  F i g u r e  9 .  The computed t empera tu re  of t h e  c loud  t o p  i s  237OK. 
' t h i s  i s  i n  good agreement wi th  tempera tures  deduced from Ear th-based  o b s e r v a t i o n s  
of  t h e  8 t o  1 2 ~  i n f r a r e d  r a d i a t i o n  from Venus. I t  i s  a l s o  i n  good agreement  wi th  
T,, t h e  e f f e c t i v e  t empera tu re  of  t h e  net incoming s o l a r  r a d i a t i o n ,  which, f o r  a n  
a lbedo  of  80 p e r c e n t ,  i s  220°K, sugges t ing  a modest greenhouse e f f e c t  f o r  t h e  
atmosphere above t h e  c louds .  
a t u r e s  above t h e  c l o u d s  of Venus have been c a r r i e d  o u t  by Rasool  (1963),  who 

Other  c a l c u l a t i o n s  of  r a d i a t i v e  e q u i l i b r i u m  temper- 
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assumed a g rey  abso rb ing  atmosphere,  and Hanel and Bar tko  (1964), ,who used  
a non-grcy model. 

R e l a t i v e l y  l i t t l e  a t t e n t i o n  was g iven  t o  t h e  problem of  e s t i m a t i n g  
t h e o r e t i c a l l y  t h e  s u r f a c e  tempera ture  of Venus u n t i l  one  of  t h e  most s u r p r i s -  
i n g  r e s u l t s  of o b s e r v a t i o n a l  astronomy dur ing  t h e  p a s t  decade became a v a i l a b l e .  
Ear th-based  r a d i o  t e l e s c o p e  o b s e r v a t i o n s  o f  t h e  p l a n e t ' s  emis s ion  of  microwave 
r a d i a t i o n  r evea led  t h a t  Venus r a d i a t e s  a s  a blackbody a t  about  600'K t o  700'K 
a t  c e n t i m e t e r  wavelengths.  The Earth-based o b s e r v a t i o n s  were confirmed by the 
microwave experiment on  t h e  Mariner I1 f ly-by  o f  Venus. S e v e r a l  s o u r c e s  have 
bcen proposed f o r  t h e  abnormal microwave emiss ion ,  i n c l u d i n g  i o n o s p h e r i c  emis- 
s i o n s ,  mic rod i scha rges  between p a r t i c l e s  w i t h i n  t h e  a tmosphere ,  a u r o r a l  r a d i o  
n c i s t > ,  and the  p l a n e t ' s  s u r f a c e .  Newel1 (1967) h a s  r e c e n t l y  reviewed t h e  pro- 
posed s o u r c e s  and a t t empted  t o  ana lyze  t h e i r  v a l i d i t y .  I n  t h i s  d i . scuss ion ,  
we s h a l l  bc conccrned w i t h  what most s c i e n t i s t s  b e l i e v e  t o  be t h e  most p robab le  
e sp Ic ina t ion  f o r  t h e  observed  h igh  microwave emiss ion  - a h o t  p l a n e t a r y  s u r f a c e  
And, i n  p a r t i c u l a r ,  w e  s h a l l  d i s c u s s  the  fo l lowing  ques t ion :  I f  t h e  Venusian 
s u r f a c e  i s  r e a l l y  a t  a t empera tu re  of 600°K t o  700"K,  can  t h i s  t empera tu re  be 
produced and ma in ta ined  by a greenhouse e f f e c t .  

k l a r g e  greenhouse e f f e c t  a s  an  e x p l a n a t i o n  f o r  a h i g h  s u r f a c e  tempera- 
t u r e  o n  Venus was sugges t ed  by Sagan (1960). H e  u s e d  t h e  e q u a t i o n  shown i n  
Table  6 f o r  t h e  ba l ance  of  n e t  incoming s o l a r  and ou tgo ing  i n f r a r e d  r a d i a t i o n  
a t  t h e  t o p  of  t h e  Venusian atmosphere. Te i s  the  e f f e c t i v e  t empera tu re  of  the 
n e t  incoming s o l a r  r a d i a t i o n ,  Ta i s  t h e  e f f e c t i v e  r a d i a t i n g  t empera tu re  of  the 
a tmosphere ,  Ts i s  t h e  p l a n e t a r y  s u r f a c e  t empera tu re ,  and t i s  t h e  t r a n s m i s s i v i t y  
of t h e  atmosphere f o r  i n f r a r e d  r a d i a t i o n .  The l e f t  s i d e  o f  t h e  e q u a t i o n  r e p r e -  
s e n t s  t h e  n e t  incoming s o l a r  r a d i a t i o n ;  t h e  r i g h t  s i d e  t h e  ou tgo ing  i n f r a r e d  
r a d i c i t i o n .  With t h i s  e q u a t i o n ,  Sagan computed t h e  a tmospher ic  i n f r a r e d  t r a n s -  
m i s s i v i t y  r e q u i r e d  t o  m a i n t a i n  a 600°K s u r f a c e  tempera ure .  
h e  o b t a i n e d  a r e q u i r e d  t r a n s m i s s i v i t y  of a b o u t  5 x 10 . Although low by ter-  
r e s t r i a l  s tc indards,  t h e  r e q u i r e d  t r a n s m i s s i v i t y  cou ld  be produced by amounts 
of  ca rbon  d i o s i d e  and w a t e r  vapor  t h a t  were n o t  i ncompa t ib l e  w i t h  i n f o r m a t i o n  
on t h e  Venusian atmosphere.  Sagan concluded t h a t  a l a r g e  grcenhouse e f f e c t  
was p l a u s i b l e .  However, t h e  t r a n s m i s s i v i t y  der ived  from Sagan ' s  b a s i c  e q u a t i o n  
depends upon t h e  c h o i c e  of  T,, t h e  e f f e c t i v e  r a d i a t i n g  t empera tu re  of  the atmos- 
phere ,  and t h i s  t empera tu re  i s  r e a l l y  not known and must be assumed. 

Assuming T,= 234"K, - 5  

Another  t h e o r e t i c a l  a t t a c k  l e d  t o  a d i f f e r e n t  conc lus ion .  J a s t r o w  and 
Rasool (1963) used t h e  Eddington approximat ion  t o  compute t h e  r a d i a t i v e  e q u i l i -  
brium t empera tu re  p r o f i l e  o f  t h e  Venusian atmosphere.  Fo r  a g r e y  atmosphere 
i n  r a d i a t i v e  e q u i l i b r i u m ,  t h e  Eddington approx ima t ion  l e < i d s  t o  t h e  formula 
t h a t  i s  shown i n  T-Jble 6 f o r  t h e  magnitude of  t h e  greenhouse e f f e c t .  I n  t h i s  
formula T~ i s  the  a tmospher ic  o p a c i t y  i n  t h e  i n f r a r e d .  They found t h a t ,  t o  
m a i n t a i n  a s u r f a c e  tem e r a t u r e  o f  600°K, t h e  a tmosphe r i c  i n f r a r e d  t r a n s m i t t a n c e  
must be l e s s  t h a n  10-25. 
was found by O s t r i k e r  (1963). Such low v a l u e s  were incompa t ib l e  wi th  e s t i m a t e s  
of  amounts of  a b s o r b i n g  gases  on Venus. 

A s i m i l a r  r e s u l t  w i t h  a n o t h e r  g r e y  atmosphere model 

Ohr ing  and Mariano (1946) noted t h a t  t h e  e f f e c t  of an  e x t e n s i v e  c loud  cove r  
o n  t h e  i n f r a r e d  r a d i a t i o n  l e a v i n g  t h e  p l ane t  had no t  been s p e c i f i c a l l y  i n c l u d e d  
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i n  t h e  two previous  approaches.  
of be ing  l a r g e l y  opaque t o  i n f r a r e d  r a d i a t i o n  and r e l a t i v e l y  t r a n s p a r e n t  t o  
s o l a r  r a d i a t i o n ,  a s  a r e  wa te r  c louds  i n  t h e  E a r t h ' s  atmosphere,  t h e n  perhaps  
t h e  c louds  p lus  t h e  i n f r a r e d  abso rb ing  molecules  i n  t h e  atmosphere could  
p rov ide  t h e  r e q u i r e d  i n f r a r e d  o p a c i t y .  To i l l u s t r a t e  t h e  e f f e c t  o f  a c loud  
l a y e r  t h a t  i s  b l a c k  i n  t h e  i n f r a r e d ,  Ohring and Mariano performed a series 
of  computat ions w i t h  a s i m p l e  r a d i a t i v e  model. As t h e  b a s i c  e q u i l i b r i u m  
c o n d i t i o n ,  t hey  assume a ba lance  a t  t h e  top  of t h e  atmosphere between n e t  
incoming s o l a r  and ou tgo ing  i n f r a r e d  r a d i a t i o n .  The atmosphere i s  assumed t o  
be a g rey  abso rbe r ,  and t h e  a tmospher ic  t empera tu re  i s  assumed t o  dec rease  
l i n e a r l y  w i t h  h e i g h t .  With t h e s e  ass lmpt ions ,  a n  e x p r e s s i o n  c a n  be o b t a i n e d  
t h a t  r e l a t e s  t h e  magnitude of t h e  greenhouse e f f e c t  t o  t h e  amount of c l o u d i -  
nes s ,  n; t h e  h e i g h t  of  t h e  cloud top;  and t h e  t o t a l  i n f r a r e d  o p a c i t y  o f  t h e  
a tmospher ic  gases ,  T ~ ,  The r e s u l t i n g  expres s ion  i s  shown i n  Table  6. I n  
t h i s  e q u a t i o n ,  t h e  E ' s  are exponen t i a l  i n t e g r a l s ,  p i s  t h e  r a t i o  of  c loud-  
t o p  p r e s s u r e  t o  s u r f a c e  p r e s s u r e ,  T is a tmospher ic  i n f r a r e d  o p a c i t y ,  and k 
i s  p r o p o r t i o n a l  t o  the tempera ture  l a p s e - r a t e .  

I f  the Venusian c l o u d s  have  t h e  p r o p e r t y  

With t h i s  e x p r e s s i o n ,  c a l c u l a t i o n s  of t h e  magnitude of t h e  greenhouse 
e f f e c t  were performed f o r  a v a r i e t y  of d i f f e r e n t  c loud  amounts, h e i g h t s  of  
t h e  c loud  top ,  and a tmospher ic  i n f r a r e d  o p a c i t i e s .  The magnitude of  t h e  green-  
house e f f e c t  i n c r e a s e s  w i t h  i n c r e a s i n g  cloud amount, i n c r e a s i n g  c loud  t o p  
h e i g h t ,  and i n c r e a s i n g  a tmospher ic  i n f r a r e d  o p a c i t y .  Fo r  99 p e r c e n t  c loud  
cove r  a t  a p r e s s u r e  l e v e l  of a few-hundredths o f  t h e  s u r f a c e  p re s su re ,  a gas-  
eous t r a n s m i t t a n c e  of t h e  atmosphere of t h e  o r d e r  i s  r e q u i r e d  t o  m a i n t a i n  
a 600'K s u r f a c e  tempera ture .  t h e  
r e q u i r e d  i n f r a r e d  t r a n s m i t t a n c e  of  t h e  atmosphere i s  t h e  absence  of  a c loud  
l a y e r .  

This can  be compared t o  t h e  v a l u e  of 

Although t h e s e  c a l c u l a t i o n s  i n d i c a t e  t h e  p o s s i b l e  importance of  a c loud  
l a y e r  on t h e  greenhouse e f f e c t ,  and make a l a r g e  greenhouse e f f e c t  seem more 
p l a u s i b l e ,  t h e y  do n o t  prove t h a t  t h e r e  i s ,  indeed ,  a l a r g e  greenhouse e f f e c t  
on Venus. Fo r  one t h i n g ,  t h e  model i s  somewhat a r t i f i c i a l .  For  example, 
w i t h  a 100-pe rcen t  c loud  cove r  t h a t  i s  b l a c k  i n  the i n f r a r e d ,  t h e  model would 
p e r m i t  t h e  s u r f a c e  tempera ture  bo be any v a l u e  one d e s i r e s ,  s i n c e  t h e  b a l a n c e  
a t  the  t o p  of t h e  atmosphere would be determined s o l e l y  by c o n d i t i o n s  a t  t h e  
cloud-top and above. I n  a d d i t i o n ;  
b l a c k  i n  t h e  i n f r a r e d  i s  open t o  ques t ion .  Fo r  c loud  amounts approaching 
100-pe rcen t  coverage ,  sma l l  d e p a r t u r e s  from b lackness  would i n f l u e n c e  t h e  
r e s u l t s  o b t a i n e d .  

the e x i s t e n c e  of  c louds  t h a t  a r e  f u l l y  

I n  work now i n  p rogres s ,  Sagan and P o l l a c k  (1967) a r e  c a r r y i n g  greenhouse  
They a r e  computing t h e  green-  e f f e c t  c a l c u l a t i o n s  f o r  Venus one s t e p  f u r t h e r .  

house e f f e c t  w i t h  a non-grey model atmosphere t h a t  c o n t a i n s  a c loud  composed 
of  w a t e r  subs t ance .  The abso rp t ion ,  t r ansmiss ion ,  and r e f l e c t i o n  p r o p e r t i e s  
of t h e  c loud  a r e  determined from t h e  assumed c loud  p a r t i c l e  d e n s i t i e s  and s i z e  
d i s t r i b u t i o n s .  They f i n d  t h a t  f o r  a cloud t o p  p r e s s u r e  of  0 . 1  a tmospheres ,  
a 600'K s u r f a c e  tempera ture  can be main ta ined  w i t h  a n  atmosphere c o n s i s t i n g  
of 1-percent w a t e r ,  10-percent  carbon d iox ide ,  and having  a s u r f a c e  p r e s s u r e  
of 10 atm. The d e t a i l s  of  t h e  model and t h e  r e s u l t s  o b t a i n e d  a r e  awai ted  w i t h  
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i n t e r e s t ,  f o r  i t  i s  through c a l c u l a t i o n s  such  a s  t h e s e  t h a t  one c a n  d e t e r -  
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5. OUTSTANDING PROBLEMS 

Desp i t e  t h e  p rogres s  t h a t  has  been made o v e r  t h e  p a s t  s e v e r a l  y e a r s  on 
t h e  a p p l i c a t i o n s  of r a d i a t i v e  t r a n s f e r  t heo ry  t o  t h e  thermal  s t r u c t u r e  of 
p l a n e t a r y  atmospheres ,  a number of  problems s t i l l  remain.  The t r e a t m e n t  o f  
c louds  i n  r a d i a t i v e  t r a n s f e r  problems is s t i l l  h i g h l y  s i m p l i f i e d .  F u r t h e r  
r e s e a r c h  i s  r e q u i r e d  t o  develop techniques  f o r  computing r a d i a t i v e  t r a n s f e r  
w i t h i n  c louds  on the  b a s i s  o f  t h e  c loud ' s  c h a r a c t e r i s t i c s -  c o m p o s i t i o n , p a r t i c l e  
s i z e  d i s t r i b u t i o n ,  p a r t i c l e  d e n s i t y ,  e t c .  The t r e a t m e n t  of convec t ion  i n  
thermal  e q u i l i b r i u m  models i s  h i g h l y  empi r i ca l  and does no t  d e a l  w i t h  t h e  
b a s i c  dynamics of  t h e  problem. F u r t h e r  work should be d i r e c t e d  toward 
developing  a t r e a t m e n t  of convec t ion  i n  terms of b a s i c  p r i n c i p l e s .  

For  t h e  E a r t h ' s  atmosphere,  the  problem of  d e r i v i n g  t h e  mean t empera tu re  
p r o f i l e  f o r  t h e  t roposphe re  and lower s t r a t o s p h e r e  appea r s  t o  be under  c o n t r o l .  
F u r t h e r  work i s  r e q u i r e d  on t h e  problem of d e r i v i n g  t h e  mean t empera tu re  pro- 
f i l e  of t h e  u p p e r  s t r a t o s p h e r e  and mesosphere from c o n s i d e r a t i o n s  of r a d i a t i v e ,  
photochemical ,  a d  convec t ive  equ i l ib r ium.  Q u a n t i t a t i v e  e s t i m a t e s  of t h e  changes 
i n  mean s u r f a c e  and a tmospher ic  tempera tures  t h a t  would occur  w i t h  changes i n  
a tmospher ic  composi t ion  o r  s o l a r  i n p u t  cannow be d e r i v e d  w i t h  some degree  of 
r e l i a b i l i t y .  Such e s t i m a t e s ,  and t h e  t h e o r e t i c a l  models used f o r  o b t a i n i n g  
them, should be of  g r e a t  use  t o  s t u d e n t s  o f  c l i m a t i c  change; The problem remains 
of  de t e rmin ing  t h e  e x t e n t  of  changes i n  a tmospher ic  composi t ion  o r  s o l a r  i n p u t  
t h a t  may have occur red  i n  t h e  p a s t ,  o r  may occur  i n  t h e  f u t u r e .  

Fo r  Mars, t h e  p ropaga t ion  of  t h e  d i u r n a l  t empera tu re  wave i n t o  t h e  atmos- 
phere  and t h e  i n t e r a c t i o n s  between r a d i a t i v e  and dynamical p rocesses  r e q u i r e  
a t t e n t i o n .  Fo r  Venus, a major  problem i s  the l a c k  of  such b a s i c  i n f o r m a t i o n  
a s  a tmospher ic  composi t ion ,  s u r f a c e  p re s su re ,  and c loud  c h a r a c t e r i s t i c s .  This 
problem w i l l  be  overcome as t h e  p l a n e t a r y  e x p l o r a t i o n  program c o n t i n u e s .  
t h i s  i n fo rma t ion  becomes a v a i l a b l e ,  i t  should be p o s s i b l e  t o  make more r e l i a b l e  
e s t i m a t e s  of t h e  greenhouse e f f e c t  and of t h e  t h e r m a l  s t r u c t u r e  of t h e  Venusian 
atmosphere.  

When 
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